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Abstract

Background: Conventionally grown fruits and vegetables (FVs) are the main source of general
population exposure to pesticide residues.

Objective: To evaluate the relation of intake of high- and low-pesticide-residue FVs with cancer
risk.

Methods: We followed 150,830 women (Nurses’ Health Study, 1998-2016, and Nurses’ Health
Study 11, 1999-2017) and 29,486 men (Health Professionals Follow-up Study, 1998-2016) without
a history of cancer. We ascertained FV intake via validated food frequency questionnaires and
categorized FVs as having high or low pesticide residue levels based on USDA surveillance data.
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1.

We used Cox proportional hazards models to estimate hazard ratios (HR) and 95% confidence
intervals (ClI) of total and site-specific cancer related to quintiles of high- and low-pesticide-
residue FV intake.

Results: We documented 23,678 incident cancer cases during 2,862,118 person-years of follow-
up. In the pooled multivariable analysis, neither high- nor low-pesticide-residue FV intake

was associated with cancer. The HRs (95% CI) per 1 serving/day increase in intake were

0.99 (0.97-1.01) for high- and 1.01 (0.99-1.02) for low-pesticide-residue FVs. Additionally,

we found no association between high-pesticide-residue FV intake and risk of specific sites,
including malignancies previously linked to occupational pesticide exposure ([HR, 95% CI
comparing extreme quintiles of intake] lung [1.17 (0.95-1.43)], non-Hodgkin lymphoma [0.89
(0.72-1.09)], prostate [1.31 (0.88-1.93)]) or inversely related to intake of organic foods (breasts
[1.03 (0.94-1.31)]).

Conclusions: These findings suggest that overall exposure to pesticides through FV intake is
not related to cancer risk, although they do not rule out associations with specific chemicals or
sub-types of specific cancers.

INTRODUCTION

Cancer is among the primary causes of mortality worldwide, causing more than 9.5 million
deaths in 2018.(1) Moreover, cancer incidence is expected to rise in the coming years due to
the steady increase in life expectancy (2-4).

Fruits and vegetables (FVs) are considered an essential part of a healthy diet, and their
role in the prevention of chronic diseases is well-known, mostly for their protective effect
on cardiovascular disease (CVD) and cancer.(5, 6) Nevertheless, in the general population,
conventionally grown FVs are the main route of chronic exposure to pesticides.(7-10)

The USDA Pesticide Data Program (PDP), which since 1991 has systematically surveyed
pesticide residues in FVs sold in the U.S., reports that more than 50% of conventionally
grown FVs in the U.S. contain detectable levels of pesticides, and 31% contain 2 or more
pesticides.(11) However, while occupational exposure to some pesticides used in agriculture
is known to be carcinogenic,(12) it is unclear if exposure to pesticide residues through diet
results in comparable risks or mitigates the health benefits of FV. Although two previous
risk-benefit analyses sugges that the benefits of consuming of conventionally grown FV

at known contamination levels outweigh potential risks on cancer incidence,(13, 14) we
have previously reported that the relationship between FV with CVD differs for high- and
low-pesticide-residue FVs (15) and the relation of pesticide residues with cancer risk has
not been directly addressed in epidemiologic studies. To address this important question,
we classified FV intake based on the corresponding pesticide residue status and examined
the association of F\V-based pesticide residue exposure with total and site-specific cancer
risk in three large prospective cohorts of U.S. health professionals. We hypothesized that
intake of high-pesticide-residue FVs would be related to a higher risk of cancer, particularly
malignancies previously related to occupational exposure to pesticides: lung, non-Hodgkin
lymphoma (NHL), and prostate,(16) whereas intake of low-pesticide residue FVs would
have an inverse association.
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2.

METHODS

2.1 Study population

The study included three large prospective U.S. cohorts with similar designs and methods:
the Nurses’ Health Study (NHS), established in 1976 with 121,700 female registered

nurses aged 30-55, the Nurses’ Health Study 11 (NHSII), initiated in 1989, with 116,429
female registered nurses aged 25-42, and the Health Professionals Follow-up Study
(HPFS), established in 1986, with 51,529 male health professionals aged 40-75 NHSII.(17)
Participants of all three cohorts complete biennial questionnaires to report sociodemographic
factors, lifestyle, and health conditions. Every four years, dietary information has been
assessed with a validated food frequency questionnaire (FFQ) with 131 food items.(18-20)
Of note, to maximize the overlap of available data from the FFQs and the PDP, we set the
present analysis baseline to 1998 for NHS and HPFS and 1999 for NHSII. The cohorts
have achieved response rates over 90% in most follow-up cycles. We excluded participants
with a diagnosis of cancer at baseline, with missing or unreliable values on total energy
intake (<500 or >3500 kcal/day for women and <800 or >4200 kcal/day for men), and with
missing data in more than half of the FV consumption-related questions. The study protocol
was approved by the institutional review boards of the Brigham and Women’s Hospital

and Harvard T.H. Chan School of Public Health, and those of participating registries as
required. Participant informed consent was implied by return of the baseline and follow-up
questionnaires.

2.2 Pesticide residue assessment

The Pesticide Residue Burden Score (PRBS) is a scoring system that allows the assessment
of pesticide residue content of FVs using surveillance data collected as part of the PDP.
This score has been validated against urinary pesticide metabolites in other cohorts.(21,

22) Among 3,679 participants in NHANES, representative of the U.S. population, three
scores: the PRBS, the organophosphate pesticide score (OP-PRBS), and the organochlorine
pesticide score (OC-PRBS) were associated with measured urinary or serum pesticide
biomarkers.(21) In addition, among 90 men presenting to the Massachusetts General
Hospital and participating in the EARTH study, two urinary samples for seven biomarkers
of OP, pyrethroid, and herbicide 2,4-dichlorophenoxyacetic acid were positively associated
with high pesticide residue FV intake and inversely related to low pesticide residue FV
intake.(22) We linked follow-up period-specific FV intake data as reported in the FFQ with
the corresponding PDP data.(11) FFQ data from 1998 (NHS/HPFS) and 1999 (NHSII)
were matched with PDP data from 1996 to 1999; FFQ data from 2002 (NHS/HPFS)

and 2003 (NHSII) were matched with PDP data from 2000 to 2003; etc. Each fruit or
vegetable was categorized according to 3 PDP estimations: the percentage of samples that
presented detectable pesticide residues, the percentage of samples with pesticide residues
above the tolerances levels, and, the percentage of samples which contained three or more
individual detectable pesticides. For each contamination measure, a score of 0 (lowest), 1,
or 2 (highest) was given to each FV based on the tertile distribution of each measure; those
component scores were summed to calculate the PRBS, which could thus range from 0 to 6.
For each period, FVs with a PRBS >4 were considered as high-pesticide-residue FVs, those
with a PRBS<4 as low-pesticide-residue FVs, and those without contamination information
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in a specific period as undetermined-pesticide-residue FVs. Finally, intakes of high-, low-,
and undetermined-pesticide-residue FVs were summed for each participant.

2.3 Covariates

Height was reported at enrollment. The biennial follow-up questionnaires included current
weight, (which was used to update body mass index (BMI)), physical activity, family history
of cancer, physical examination in past 2 years, history of colonoscopy or sigmoidoscopy,
smoking in pack-years, current multivitamin use, and regular aspirin use. In the NHS and
NHSII, we also obtained data on menopausal status, current hormone therapy use, and
mammography in the past 2 years. HPFS participants reported on prostate-specific antigen
testing in the past 2 years on each questionnaire. We obtained information on total energy
intake, alcohol intake, and the Alternate Healthy Eating Index (AHEI) from the same
quadrennial FFQs we used for creating PRBS score.(23, 24)

2.4. Outcome assessment

Participants reported newly diagnosed cancers in biennial questionnaires. Self-reports were
confirmed by review of medical and pathology records by study physicians blinded to
exposure status. Specifically, data on histology, anatomic location, and stage of the cancer
were assessed. Only confirmed cases according to the international classification of diseases,
eighth revision and ninth revision (ICD-8 and ICD-9), were counted as events in the
analyses. For prostate cancer, only advanced prostate cancer was considered as an endpoint.
The primary endpoint of our study was total cancer incidence; we examined incidence

of selected specific sites as secondary outcomes. Specifically, we separately examined
malignancies previously related to occupational exposure to pesticides (lung, NHL, and
advanced prostate),(16) those previously related to organic food intake (NHL and breast),
(25) and those with at least 400 incident cases accrued during follow-up (colorectal, kidney,
endometrial, ovarian). We also examined an aggregate group of all other sites combined
(bladder, pancreas, leukaemia, melanoma, myeloma, brain, stomach, oesophagus, pharynx,
larynx, liver, oral, and cervical cancers).

2.5 Statistical analysis

Participants were followed from the date of the return of 1998 or 1999 questionnaires until
the earliest among the date of cancer diagnosis (except for non-melanoma skin cancer),
death or the end of follow-up (June 2014 for most cancers in HPFS and site-specific cancers
in NHS, June 2016 for total cancer in NHS and lung cancer in HPFS, or December 2017 for
NHSII). Associations of intakes of high- and low-pesticide-residue FVs with total and site-
specific cancers were estimated as hazard ratios (HRs) and 95% confidence intervals (CI)
from Cox proportional hazards regression models. We considered baseline and cumulative
averaged intakes to characterize diet over the follow-up period. Briefly, analyses based on
baseline diet, used only the information reported by participants on the 1998 (NHS/HPFS)
and 1999 (NHSII) to characterize exposure over the entire follow-up period. In cumulative
averaged intake analyses, the 1998/1999 diet assessments was the assigned exposure status
for all cases newly identified through 2002/2003; the average of the 1998/1999 diet and

the 2002/2003 diet was assigned to incident cases documented between 2003/2004 and
2006/2007; the average of the 1998/1999, 2002/2003 and 2006/2007 assessments was
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assigned to new cases documented between 2007/2008 and 2010/2011; and so forth.
Baseline and cumulative averaged intakes of high- and low-pesticide-residue FVs were
modeled as quintiles of intake, in categories of absolute intake, and as continuous variables
using restricted cubic splines to allow for non-linearity.We fit age-adjusted models, as

well as multivariable models adjusted for height (cm), BMI (quintiles), ethnicity (white/
non-white), physical activity (quintile of metabolic equivalent task [MET]-hours/week),
family history of cancer (yes/no), physical examination in the past 2 years (yes/no), history
of colonoscopy or sigmoidoscopy (yes/no), smoking in pack-years (never smoker, 1-4.9,
5-19.9, 20-39.9, or =40), current multivitamin use (yes/no), regular aspirin use (yes/no),
total energy intake (quintiles), alcohol intake (0, 0.1-4.9, 5.0-14.9, 15.0-29.9, or =30 g/day),
and AHEI score, the latter excluding criteria for intake of FVs and alcohol (quintiles) and
included to control for overall diet quality. We further adjusted for postmenopausal hormone
use (premenopausal/never/past/current) and mammaography in the past 2 years (yes/no) in
NHS and NHSII and for prostate-specific antigen testing in the past 2 years in HPFS. Intakes
of high-, low- and undetermined-pesticide-residue FVs were simultaneously included in

all models. Analyses were performed for each of the three cohorts and then pooled using

a fixed-effects model. To test for linear associations, P for linear trend was obtained by
modeling quintiles of high- and low-pesticide-residue FV intake as continuous variables.
Statistical significance was established at a two-sided P less than 0.05. Analyses were
carried out with SAS software version 9.4 for UNIX (SAS Institute, Cary, NC).

3. RESULTS

We identified 23,678 incident cases of cancer during 2,862,118 person-years of follow-up,
including 6,842 breast cancers, 1,790 colorectal cancers, 1,357 lung cancers, 1,357 NHLs,
1,316 endometrial cancers, 605 ovarian cancers, 380 advanced prostate cancers, and 4,940
cancers from all other sites combined. At baseline, compared to participants in the lowest
quintile of high-pesticide-residue FV intake, those in the highest quintile of intake were
more physically active and more likely to be never smokers, consumed more multivitamin
supplements and total calories, and had more cancer screenings (Table 1). A similar pattern
of baseline participant characteristics was observed when comparing extreme quintiles of
low-pesticide-residue FV intake (Table 1). Intakes of low- and high-pesticide-residue FVs
were positively related to each other (/spearman = 0.63 in NHS, 0.70 in NHSII, and 0.62 in
HPFS).

Neither high- nor low-pesticide-residue baseline FV intake in the range of 0 to 5 servings
per day was associated with cancer risk (Figure 1). There was no heterogeneity across
studies (P for heterogeneity>0.1). The pooled multivariable-adjusted HRs (95% CI) of
total cancer associated with a 1 serving/day increase in intake were 1.01 (0.99-1.02)

for low-pesticide-residue FVs and 0.99 (0.97-1.01) for high-pesticide residue FVs. These
results were similar when high- and low-pesticide-residue FVs were modeled as quintiles of
intake (Table 2). The pooled multivariable-adjusted HRs (95% Cls) of total cancer across
increasing non-reference quintiles (vs first [reference] quintile) of baseline high-pesticide-
residue FV intake were 1.02 (0.97-1.06), 1.00 (0.95-1.04), 0.97 (0.93-1.02), and 1.00
(0.95-1.05), with a P for trend of 0.77. The pooled multivariable-adjusted HRs (95% Cl)

of total cancer across increasing non-reference quintiles of low-pesticide-residue FV intake
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were 0.98 (0.94-1-02), 0.98 (0.93-1.02), 1.02 (0.97-1.07), and 0.99 (0.95-1.04), with a P for
trend of 0.74 (Table 2).

When specific sites were examined, we found no association between intake of high-
pesticide-residue FVs or low-pesticide-residue FV and risk of any sites. The HRs (95%

CI) comparing individuals in the highest quintile of high-pesticide-residue FV intake to
individuals in the lowest quintile were: 1.17 (0.95-1.43) for lung cancer, 0.89 (0.72-1.09) for
NHL, 1.03 (0.94-1.13) for advanced prostate cancer, and 1.04 (0.94-1.15) for breast cancer
(Table 2). Intake of FVs with undetermined pesticide residue status was also unrelated to
cancer risk (Table S1).

Results were consistent when baseline intake was modeled in categories of absolute

intake (Table S2), although in these analyses there was a weak positive association of low-
pesticide-residue FV with total cancer when intake was modeled as quintiles of cumulative
average intake. Participants in the highest quartile of low-pesticide-residue FV consumption
had 11% (95CI: 5%-18%) higher total cancer risk than those in the lowest quartile of
consumption (Table S3).

4. DISCUSSION

We assessed the association of high- and low-pesticide-residue FV intake with total cancer,
7 individual sites, and an aggregate endpoint comprising 14 additional sites in three large
prospective cohorts of U.S. men and women. Contrary to our hypothesis, but in agreement
with two previous risk-benefit analyses (13, 14) we found no relation of intakes of high-

or low-pesticide-residue FVs with risk of total cancer or specific malignancies, including
malignancies previously linked to occupational exposure (lung, NHL, prostate), or sites

in which an inverse association with greater intake of organic foods (NHL, breast) was
previously reported. These findings suggest that despite the well described carcinogenicity
of some agricultural pesticides in occupational settings, exposure to pesticide residues
through the diet may not result in a comparable increase in risk. Similarly, the lack of
association of low-pesticide-residue FV intake with malignancies previously inversely linked
to intake of organic foods suggests that the associations with organic foods might reflect
other factors associated with organic food consumption (high educational level, physical
activity, no smoking, moderate alcohol consumption)(25, 26) rather than a true biological
effect resulting from decreased exposure to pesticides through the diet.

To the best of our knowledge, there is no previous epidemiologic research on the
relationship between exposure to pesticide residues through the diet and risk of total cancer
or site-specific cancer. In contrast, the relationship between FV intake and cancer risk

has been widely studied. A recent meta-analysis of 14 prospective studies found that FV
intake was associated with a reduction of total cancer risk of 3% for consumption of up

to 600 g/day (6 servings/day), with no further reductions at higher intake levels.(27) In
addition, others have previously evaluated the relation between intake of organic foods with
cancer risk,(25) in order to examine the same underlying biological hypothesis of our study,
namely, that exposure to pesticide residues through the diet is related to cancer risk. In the
NutriNet-Santé Prospective Cohort Study, participants in the highest quartile of organic food
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consumption had 34% (95CI: 5%-55%) lower breast cancer risk and 86% (95CI: 34%-97%)
lower NHL risk than those in the lowest quartile of consumption.(25, 28) In the Million
Women’s Study, organic food consumption was also related to a lower risk of NHL but was
unrelated to total cancer risk and positively related to breast cancer risk.(29) None of those
studies directly performed a comparison of overall FVs vs high- and low-pesticide-residue
FV intake. Our findings are not in agreement with those of the two studies focused on
organic food consumption, a discrepancy which begs explanation . In our study, intakes of
high- and low-pesticide-residue FVs were not only positively related to each other but also
had very similar relations with baseline characteristics, and in particular with behavioral
characteristics, as well as similar nutritional profiles associated with higher intakes of both
high- and low-pesticide-residue FVs. Consumption of organic foods, on the other hand, is
a complex behavior that may not be entirely captured even with adjustment for multiple
behavioral correlates, allowing ample opportunity for residual confounding. The previous
findings for organic foods might be the result of unmeasured confounding for behavioral
correlates of organic food consumption. For example, in the NutriNet-Santé Prospective
Cohort Study, while the association between organic food consumption and cancer risk
persists despite adjustments for a variety of social and demographic factors related to
organic food consumption, in stratified analyses these associations appear to be restricted
to subgroups of individuals more likely to consume organic foods including women, older
individuals, and individuals with a family history of cancer,(25) raising concerns about
residual confounding, including by well-established risk factors that may not have been
entirely accounted for, and unmeasured confounding.

The current study has several strengths. No previous study has evaluated the relationship
between exposure to pesticides through FV intake and total cancer risk as well as with

risk of cancer as several individual sites. We pooled data from 3 large prospective cohorts
with more than 14 years of follow-up — twice as long as the NutriNet-Sante study — and

a large number of cases. Analyses were adjusted for many potential confounders and were
consistent after modeling dietary exposure in different ways.. Several limitations should
also be noted. Firstly, diet was self-reported by participants, and exposure to pesticides was
obtained indirectly from PDP data. However, the PRBS score we used has been previously
validated. Importantly, pesticide residue exposure from FV intake classified by this method
was associated with direct biomarkers of exposure to pesticides in a clinical sample from
Boston and in representative sample of the general population of the U.S. as we have
previously described in the methods section.(21, 22) Secondly, the 14 years of follow-up
may not be enough of a latency for all of the cancer sites despite the similar results observed
when assessing diet just at baseline and as cumulative average over the follow-up period.
However, insufficient length of follow-up would further strengthen the argument that the
previously reported findings for organic food consumption and cancer risk do not represent
a biological effect but rather residual and unmeasured confounding by behavioral factors.
Thirdly, we could not differentiate fresh from canned or organically versus conventionally
produced FVs. At the same time, our classification method prioritizes classification of
overall contamination with pesticides rather than contamination with specific chemicals.
Thus, the findings reflect uncertain amounts of misclassification and lack of specificity

of pesticide exposure.(30, 31) Likewise, we did not have direct biomarker measures of
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exposure to pesticides, but we have previously reported that the classification method
used in this study is associated with biomarkers of exposure to pesticides in a clinical
sample from Boston and in samples representative of the general population of the U.S.(21,
22) Also, assessments of exposure to pesticides through other sources, such as at home
application of pesticides. However, this would be a concern to the extent to which these
additional sources are related to exposure via diet, especially if findings suggested an
association. In the face of null findings and uncertainty of how other sources of exposure
to pesticides relate to exposure via diet, it difficult to ascertain the impact this information
could have added. Another potential limitation is the possible overadjustment for potential
confounders for some of the individual cancer sites. Moreover, even though we examined
specific sites, associations may still not adequately capture tumor heterogeneity within a
single site. For example, the findings for NHL may reflect a mixture of null, positive
and/or inverse associations for individual histologic subtypes, the separate examination of
which was beyond the scope of this analysis.(32, 33) Finally, participants were all health
professionals, which increased the internal validity of the findings but diminished their
external validity.

In conclusion, in these three large prospective cohorts of health professionals, overall
exposure to pesticide residues through intake of FVs was not associated with cancer risk.
This findings stand in contrast to the well documented carcinogenicity of agricultural
pesticide exposure in occupational settings. However, our findings do not rule out the
possibility of carcinogenicity of dietary exposure to specific chemicals or effects on
subtypes of individual cancers based on histological or molecular heterogeneity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Conventionally grown FVs are the main source of exposure to pesticides.
. Overall exposure to pesticides through FV intake is not related to cancer risk.
. We cannot dismiss other associations with sub-types of specific cancers.
. We cannot rule out other relationships with specific chemicals.
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Figure 1. Baseline fruit and vegetable intake, considering pesticide residue status, and risk of
total cancer.

1 Adjusted for age, height (cm), body mass index (BMI) (quintiles), ethnicity (white/non-
white), physical activity (quintile of metabolic equivalent task-hours/week), family history
of cancer (yes/no), physical examination in the past 2 years (yes/no), history of colonoscopy
or sigmoidoscopy (yes/no), mammography in the past 2 years (yes/no, in NHS and NHS

I1), prostate-specific antigen testing in the past 2 years (yes/no, in HPFS), number of pack-
years among ever smokers (never smoker, 1-4.9, 5-19.9, 20-39.9, or 240), postmenopausal
hormone use (premenopausal/never/past/current, in NHS and NHSII), current multivitamin
use (yes/no), regular aspirin use (yes/no), total energy intake (quintiles), alcohol intake
(0,0.1-4.9, 5.0-14.9, 15.0-29.9, or =30 g/day), and Alternate Healthy Eating Index score
excluding criteria for intake of fruits and vegetables and alcohol (quintiles).

A Additionally adjusted for intakes of low-pesticide-residue fruits and vegetables (servings/
day) and other fruits and vegetables with undetermined residues (servings/day).

B Additionally adjusted for intakes of high-pesticide-residue fruits and vegetables (servings/
day) and other fruits and vegetables with undetermined residues (servings/day).
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